We utilize a glass-like structural transition in order to induce a Mott metal-insulator transition in the quasi-two-dimensional organic charge-transfer salt κ-(BEDT-TTF)2Cu[N(CN)2]Br. In this material, the terminal ethylene groups of the BEDT-TTF molecules can adopt two different structural orientations within the crystal structure, namely eclipsed (E) and staggered (S) with the relative orientation of the outer C-C bonds being parallel and canted, respectively. These two conformations are thermally disordered at room temperature and undergo a glass-like ordering transition at Tg ∼ 75 K. When cooling through Tg, a small fraction that depends on the cooling rate remains frozen in the S configuration, which is of slightly higher energy, corresponding to a controllable degree of structural disorder. We demonstrate that, when thermally coupled to a low-temperature heat bath, a pulsed heating current through the sample causes a very fast relaxation with cooling rates at Tg of the order of several 1000 K/min. The freezing of the structural degrees of freedom causes a decrease of the electronic bandwidth W with increasing cooling rate, and hence a Mott metal-insulator transition as the system crosses the critical ratio (W/U )c of bandwidth to on-site Coulomb repulsion U . Due to the glassy character of the transition, the effect is persistent below Tg and can be reversibly repeated by melting the frozen configuration upon warming above Tg. Both by exploiting the characteristics of slowly-changing relaxation times close to this temperature and by controlling the heating power, the materials can be fine-tuned across the Mott transition. A simple model allows for an estimate of the energy difference between the E and S state as well as the accompanying degree of frozen disorder in the population of the two orientations.
I. INTRODUCTION
The family of organic charge transfer salts κ-(BEDT-TTF) 2 X, where BEDT-TTF (representing C 6 S 8 [(CH 2 ) 2 ] 2 , commonly abbreviated as ET) denotes bis-ethylenedithio-tetrathiafulvalene and X is a polymeric anion, are among the rare examples for a purely bandwidth-driven Mott metal-insulator transition (MIT) 1 , a key phenomenon in modern condensed matter physics, where a gap in the charge-carrying excitations opens due to the Coulomb interaction between the electrons 2 . The observed rich phenomenology of ground states in these materials [3] [4] [5] is due to both the highly tunable nature of the correlation strength of the charge carriers and the strong coupling of the latter to intraand intermolecular vibrational modes of the underlying crystal lattice. The low energy scales thereby realized in these materials and the possibility to fine-tune their position in the generalized phase diagram makes them unprecedented model systems for studying the Mott MIT in reduced dimensions. The Mott MIT can be accessed, e.g., by applying a moderate pressure of 300 bar to the antiferromagnetic insulator κ-(ET) 2 Cu[N(CN) 2 ]Cl (denoted κ-Cl), which shifts the system to a superconducting metallic state, see the phase diagram in Fig. 1(a) . A corresponding * Email: hartmann@physik.uni-frankfurt.de change in the ratio of bandwidth to on-site Coulomb repulsion W/U 1 can be achieved similarly by changing the anion to X = Cu[N(CN) 2 ]Br (κ-Br in short), which is a metal and superconductor at ambient pressure. Replacing the hydrogen atoms in the ET molecules' terminal ethylene groups [(CH 2 ) 2 ] 2 (ethylene endgroups, in short EEG) by deuterium in turn results in a smaller bandwidth W , which shifts the system's position from metallic towards the insulating side of the Mott MIT. Further fine-tuning is possible by varying the substitution ratio x between the hydrogenated ET molecule (h-ET) and the deuterated one (d-ET) in κ-[(h-ET) 1−x (d-ET) x ] 2 Cu[N(CN) 2 ]Br 6,7 , see Fig. 1 . Besides the possibility to tune the interaction strength for studying fundamental aspects of the Mott transition, an aspect of considerable recent theoretical and experimental interest in this field of research relates to the interplay of correlation effects and disorder (Mott-Anderson scenario), see e.g. [8] [9] [10] [11] [12] .
Of particular importance for both tuning the correlation strength and considering disorder, are the vibrational degrees of freedom of the ET molecules' EEG, which have two possible conformations, where their relative orientation can be either parallel (eclipsed, E) or canted (staggered, S). Their vibrational properties and the relative population of the E and S states have been shown to have a strong effect both on the scattering of charge carriers and the electronic ground state properties [13] [14] [15] [16] . For a system located close to the critical region (W/U ) c , the E and S population can even determine whether the ground state is insulating/magnetic or metallic/superconducting 7, [17] [18] [19] . For κ-Cl and κ-Br, the population of the E and S states is thermally disordered at room temperature (see below), and the EEG system gradually orders upon cooling, favoring the eclipsed configuration due to its slightly lower energy 20 . The EEG ordering process, however, cannot be completed for kinetic reasons, since upon lowering the temperature their molecular motion/rotation slows down so rapidly that thermodynamic equilibrium cannot be reached and a short-range structural order becomes frozen-in. This is a glass-like transition [21] [22] [23] [24] , and the degree of EEG order/disorder depends on the glass transition temperature T g , which in turn varies with the cooling rate q = dT /dt such that faster cooling results in a higher T g and a larger degree of frozen-in disorder on the population of the E and S states 25 , see 3 for an overview. The effect of the EEG glass-like ordering transition on the electronic (ground-state) properties is twofold: (i) The strong vibrations lead to an enhanced scattering contribution at elevated temperatures above T g 26, 27 and their frozen-in configuration below T g causes a random lattice potential, which gives rise to an additional contribution to the residual resistivity and affects the superconducting state and transition temperature 6, 13, 14, 28 . (ii) The anisotropic change of in-plane lattice parameters at T g results in a smaller ratio t inter /t intra of the interand intra-dimer transfer integrals for more rapid cooling, which in turn leads to smaller W/U 7 , i.e., the strength of electronic correlations can be controlled by varying the cooling rate through T g .
Although this cooling-rate effect on the bandwidth has been recognized as a highly useful tool for tuning the ground state properties and therefore has been frequently used, quantitative information on the E/S population and a systematic understanding of the interplay of bandwidth variation and frozen randomness are still lacking. In this work, the glass-like structural transition is realized by applying a pulsed heating current to samples that are thermally coupled to a low-temperature heat bath. By this means a system located on the metallic side in the vicinity of the Mott critical region (W/U ) c can be tuned from a metallic/superconducting to an insulating behavior with a resistivity change in the normal state of almost three orders of magnitude. A detailed analysis of thereby generated temperature quenches reveals cooling rates of the order of several 1000 K/min. A simple model shows that even for such extreme conditions the relative amount of disordered ET molecules is smaller than 6%. The ratio W/U can therefore be precisely tuned in the presence of a more-or-less weak random lattice potential.
II. EXPERIMENTS
Single crystals of κ-Br, as well as the partially deuterated variant with
, of cuboidshaped morphology were grown by electrochemical crystallization as described elsewhere 6, 29 . Resistance measurements were carried out in standard four-terminal geometry with current applied perpendicular to the highlyconducting planes using a low-frequency ac lock-in technique (Stanford Research 830). Voltage heat-pulses of variable amplitude and length have been applied using a dc source-meter (Keithley 2400). Further details of the measuring processes, as far as necessary, are given in the respective sections. Temperatures from 2 − 300 K were controlled in a VTI cryostat (Oxford Instruments) allowing for a maximum sample cooling rate of q 30 K/min (sample not immersed in liquid Helium).
III. RESULTS AND DISCUSSION

III.1. Cooling-rate-dependent resistivity
Figure 1(b) shows the resistivity of κ-d 0.8 -Br as a function of temperature for different cooling rates with 5 h annealing at T = 75 K (yellow curve, showing essentially metallic behavior) and continuous cooling through T g ranging from q = 1 K/min, 2 K/min, 5 K/min and 10 K/min to q = 32 K/min (red curve). The latter curves show the characteristic re-entrant behavior, where the Sshaped MIT line is crossed twice. The above-described increase in the ratio of S/E population of the EEG with increasing cooling rate corresponds to a small expansion of the low-temperature in-plane lattice constants and therefore the systematic change in resistivity (black arrow) can be interpreted as a decrease of W/U 6,7 , which is represented by a slight shift in the phase diagram, see colored lines in Fig. 1(a) . Here, we note that in recent quantum oscillation measurements of the related compound κ-(ET) 2 Cu(NCS) 2 it has been shown that the disorder introduced by the partial substitution of ET molecules with their deuterated analogues does not cause additional quasiparticle scattering contributions 30 . Likewise, for
Br investigated here, the effect of disorder by substitution is negligible, as demonstrated by an initial smooth increase of the superconducting T c due to the chemically induced pressure effect 6 .
III.2. MIT induced by a single voltage pulse
Furthermore, an insulating state with an almost three orders of magnitudes higher resistivity (thick green curve) compared to the metallic state (yellow curve) was reached after a voltage pulse of 5 V amplitude and 2 s duration was applied. The insulating state is persistent (confirmed for times exceeding 18 h) and can be reached independent of the initial state, i.e. by applying the pulse at different temperatures, as indicated by the vertical arrows in Fig. 1(b) . Thus, the system can be permanently transformed from the superconducting into an insulating ground state. The system can be re-set into the metallic state by warming the sample above T g ∼ 75 K and subsequent slow cooling thereby relaxing its resistivity. This phenomenology suggests that during the voltage pulse the Joule heating is sufficient to increase the sample temperature above the glass-like transition temperature T g and that after switching off the voltage, the coupling to the low-temperature heat bath results in a very rapid cooling through T g . Subsequent measurements reproduce the results, and we find no signs of sample deterioration, such as micro cracks, which would permanently alter the resistivity profile. Starting from the highly resistive state, we can then utilize the glass-like relaxation which is accessible in the temperature range around T g of 70 − 80 K by annealing in steps of ∼ 10 min in order to intentionally create intermediate states with reduced resistivity in subsequent cool-down measurements, see Fig. 1(b) , thinner curves from green to blue. In this context, it is interesting to recall the scaling analysis of the conductance of κ-Cl tuned by pressure aiming to determine the critical exponents of the Mott transition 31 . A similar analysis of the present data seems difficult at first view, since the parameters cooling rate q(T g ) or, likewise, relaxation time at T g do not necessarily scale linearly with pressure, which is the relevant thermodynamic variable. As we will show below, however, a simple model allows for assigning the occupation ratio of eclipsed and staggered configurations, E/S, to the cooling rate. Theoretical calculations of how the ratio of bandwidth to on-site Coulomb repulsion, W/U , are related to E/S through q(T g ) are therefore highly desirable and might render a scaling analysis possible.
III.3. MIT induced by voltage pulses with increasing amplitude
Another way to reach any possible resistivity state between the metallic (yellow) and the insulating state (green curve), also allowing for an accurate control, is to vary the amplitude of the voltage pulse resulting in a ρ vs. V (resistivity-voltage) measurement, shown in the inset of Fig. 1(b) . Here, similar to a 'pump-probe experiment', dc voltage pulses with step-wise increasing amplitudes V n have been applied for t = 2 s, and a small probing current measures the sample resistivity ρ n after switching off the voltage and a waiting time of t w = 20 s in each case [as discussed below, see also Fig. 2 (inset), the sample is then fully relaxed]. The sketch in the inset of Fig. 1(b) illustrates the procedure, where also the result for T = 20 K with the yellow curve as the initial state (compare purple arrow) is plotted. The resistivity starts to increase at V n 3 V, shows a hump, which can be associated with the resistivity anomaly at T g = 75 K, and further strongly increases at V n 4 V with saturation being reached for 5 V, which means that the sample -under the actual experimental conditionsis in the highest possible insulating state. The obvious interpretation is that for V n 5 V the increase of sample temperature above T g leads to the maximum possible cooling rate q(T = T g ) -given by the coupling to the low-temperature heat bath -after switching off the voltage pulse.
III.4. Voltage-controlled cooldown and heat-conduction model
In order to corroborate this hypothesis, the following experiment has been performed, without loss of generality, on fully hydrogenated κ-(ET) 2 Cu[N(CN) 2 ]Br. Slow cooling rates controlled by a heating voltage have been realized by carefully ramping down the voltage amplitude in small steps from the saturation heating voltage of V n = 5 V. As sketched in Fig. 2 , after a duration of t = 3 s the amplitude is lowered by ∆V = V n − V n+1 = 10 mV. At the same time the voltage source-meter allows for measuring the current I through the sample yielding the two-terminal resistance R and the power P = V I. In this R vs. P measurement, the temperature-dependent sample resistance has not changed within the 3 s of the voltage-pulse duration, which confirms the stability of the state that is determined by the balance of heating (through P ) and cooling power (through λ and T bath ). A small drift, i.e. resistance relaxation, however, has been observed (as expected) in the temperature range around T g , i.e. 70 − 80 K, where the typical time scale of the structural EEG relaxation is of the same order as the waiting time of a few seconds 15 . The simple heat-conduction model sketched in Fig. 2 implies a power balance of
where C denotes the sample's specific heat. During the pulse,Ṫ (t, P = const.) = 0 and the sample temperature can be extracted from T = P/λ + T bath . The coupling parameter λ follows from the comparison of R vs. P with the temperature-dependent sample resistance R vs. T in a regular resistance measurement in the same configuration, shown in the main panel of Fig. 2 . Striking features of the sample resistance can be recognized in both experiments, like the minimum at T ∼ 250 K (P ∼ 60 mW), the maximum at about 75 K (20 mW) and the superconducting transition at T c ∼ 12 K, (∼ 5 mW). Since during the voltage sweep T bath slightly varies and decreases from 8 K to 5 K as a function of decreasing P , the relation between the sample resistance and the Joule heating power is slightly nonlinear. This correction, however, is neglected in assigning the top axis in Fig. 2 to P resulting in a small discrepancy of the curves at low temper- atures/heating powers. Nevertheless, a striking agreement of the R(T ) and R(P ) curves within this certainly oversimplified model allows for a crude estimate of the thermal coupling parameter yielding λ 0.25 mW/K.
III.4.1. Experimental determination of the cooling rate
The crucial parameter that determines the physical properties at low temperatures via the strength of electronic correlations W/U is the actual cooling rate at the glass-transition temperature, q(T g ), which is realized after a voltage pulse is switched off. In order to measure the relaxation of the sample temperature towards T bath , we record its resistance as a function of time after the voltage pulse was switched off, see inset of Fig. 2 . To that end, R(t) at T bath = 5 K has been measured by initially superimposing the dc heating voltage pulse of V = 5 V with an ac current and detecting the phase-locked ac voltage with a lock-in amplifier, which was read out after the pulse by a fast data acquisition card (National Instruments PCI-6281). A comparison with a regular four-terminal R(T ) reference curve (not shown), i.e. essentially using the sample resistance as a thermometer, allows to link the above-mentioned distinct features in both curves, see the star symbols in Fig. 2 (inset) . Solving the simple model of Eq. (1) yields T (t) = T 0 exp(−λ/C · t) + T bath . Crudely neglecting the temperature dependence of the specific heat yields a rough estimate of the cooling rate. The result is shown as a fit to the data in the inset of Fig. 2 (red line) yielding a starting temperature T 0 = 307 K, a relaxation time τ = C/λ = 0.5 s, a bath temperature T bath (t) 6 K and a cooling rateṪ ≡ q(T g ) = dT /dt(75 K) 138 ± 30 K/s. Despite the large error bar resulting from our oversimplified model, a very fast cooling rate of the order of several 1000 K/min reproduces our data reasonably well (red line in inset of Fig. 2 ).
IV. RELAXATION MODEL OF GLASSY DYNAMICS
After having established the experimental conditions, we discuss the impact of such-obtained very fast cooling rates on the relative occupation of the EEG degrees of freedom (E and S, see inset of Fig. 3) affecting the electron-electron correlations in the Mott systems κ-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br via the bandwidth, i.e. W/U . For this material, the eclipsed conformation E is the lower-energy configuration 20 and τ = ν −1 0 exp E a /k B T describes the thermally-activated relaxation time with an activation barrier of order E a ∼ 210 − 260 meV as determined from various different experimental techniques for κ-Br and κ-Cl, see 23 and references therein. At high temperatures, the E and S states are thermally disordered, with preferential population of the E conformation at room temperature, whereas for low temperatures the eclipsed configuration becomes increasingly favorable, until at the glass transition temperature T g (q) due to kinetic reasons the actual population of E and S becomes frozen. The occupation probability of the (eclipsed) ground state of the related double-well potential in thermal equilibrium is given by
By quenching the system, a metastable state is realized, which relaxes back to thermal-equilibrium with an effective relaxation time
driven by an attempt frequency ν 0 (usually associated with characteristic phonon frequencies) and determined by the effective energy barrier E a between the E and S confirmations with an energy difference 2∆E, see sketch in Fig. 3 . At T = T g 75 K the relaxation time is in the order of typical experimental time scales τ eff ∼ 100 s, which defines the glass transition. Thereby, the actual occupation of the EEG orientational degrees of freedom becomes frozen in. In order to quantify this amount of (5), for the favored eclipsed (E) conformation of the ET molecules' EEG for different cooling rates. "Pulse rate" refers to cooling after a heat pulse is applied as shown in Fig. 2 (inset). Faster cooling rates cause the system to fall out of thermal equilibrium at higher temperatures and the relaxation times (τ1 and τ2 in the double-well potential) become too large to be observed for temperatures T < Tg resulting in a frozen-in distribution of EEG conformations.
'disorder' (of the EEG orientations in the ordered crystalline environment) we introduce the time-dependent occupation probability, which describes the relaxation of the system after quench-cooling from T 0 to T 1 :
If instead of an abrupt change from T 0 to T 1 , the temperature changes continuously with cooling rate q = dT /dt, the temperature-dependent relaxation is described by expressing Eq. (4) as a differential equation and a transformation of variables leads to 32 dp Figure 3 shows the numerical evaluation of this recursive expression for different applied cooling rates q = 0.01 K/min (yellow curve), 2 K/min, 32 K/min and for the experimental relaxation curve (shown in the inset of Fig. 2 ) after switching off a heating pulse (green curve), where E a /k B = 2650 K has been used for the energy barrier, see 23 and references therein. A comparison of our model with the occupation factors for the eclipsed conformation determined from high-resolution synchrotron x-ray diffraction 33 yields ∆E/k B = 105 ± 5 K and ν 0 = 10 16(±3) Hz for the energy difference between the E and S states and the attempt frequency, respectively. Our findings demonstrate that the degree of frozen 'disorder' in terms of the difference in the occupation probabilities of the E and S states remains small for a wide range of cooling rates with p E = 97.8 % (q = 0.01 K/min), 96.8,% (2 K/min), 96 % (32 K/min) and 94 % ("pulse rate", i.e. very fast cooling after voltage heat pulse). Although this amount of randomness in the occupations of the ET molecules' EEG in the eclipsed and staggered conformations may have a considerable impact in the present lowdimensional systems with low carrier concentration, the phenomenology suggests that for moderate cooling rates and in the vicinity of the Mott transition the dominating effect on the electronic properties is a bandwidth-driven correlation effect via the decrease of W/U with increasing q.
V. SUMMARY AND CONCLUSION
We have utilized the glass-like structural transition of the ET molecules' EEG ordering in metallic κ-(ET) 2 X systems coupled to a low-temperature heat bath in order to induce a Mott metal-insulator transition via a voltage heat pulse. By changing the pulses' amplitude and duration and by exploiting the slow relaxation times around the glass transition temperature T g , essentially any intermediate resistive state between insulating and metallic behavior can be realized if the sample is located close to the Mott transition at a critical value of W/U . The application of a simple model, where the eclipsed and staggered conformations of the ET molecules' terminal ethylene groups are described as a double-well potential, to our measurements allows to determine the energy difference 2∆E between the E and S state and to quantitatively estimate the amount of EEG units frozen in the non-equilibrium S orientation, as compared to the majority in the E state, for different cooling rates. We find that for moderate and even the rapid cooling rates reported in the literature, the occupation of S conformation is below 5 %. This finding agrees very well with theoretical calculations of the conformational disorder of the effective dimer site energy (for holes) affecting the scattering rate of charge carriers in κ-(ET) 2 Cu[N(CN) 2 ]Br 9 . Even for the very large cooling rates of ∼ 1000 K/min created in our experiment, the residual S occupation amounts to only 6 %, this small value resulting from the relevant energy scales of E a ∼ 2600 K and ∆E ∼ 100 K. The influence of different cooling rates on the electronic ground state properties is caused by two effects: (i) Disorder, i.e. a random lattice potential, the degree of which we have modeled in Fig. 3 as a function of cooling rate increases the scattering of charge carriers. (ii) The temperature dependence of the in-plane lattice constants depends on q, therefore influencing the bandstructure. From a comparison with the experimental phase diagram of κ-Cl determined by applying hydrostatic pressure 34, 35 , we roughly estimate that very fast cooling causes a shift in W/U corresponding to about 40 bars. If the 'starting position' is close to the critical region (W/U ) c , a MIT is observed, whereas for the metallic system far away from the Mott transition, the narrowing of the bandwidth doesnt affect the ground state properties as extremely as for a system next to the Mott transition, and the more subtle effects of the random lattice potential can explain the experimentally observed suppression in T c of superconducting κ-Br 9,13 . For partially deuterated κ-d 0.8 -Br the strong shift in the phase diagram from the conducting to the insulating side of the Mott MIT across (W/U ) c , however, very likely is mainly due to the narrowing of the bandwidth (change in W/U ) caused by the frozen structural configuration which corresponds to a wider lattice as compared to the slowly-cooled situation. Further experimental and theoretical work is highly desirable to discern the role of EEG disorder for random lattice potential and change of (W/U ). The possibility to quantitatively estimate the degree of EEG disorder outlined here, may be of help for future systematic studies of the electronic properties as a function of cooling rate.
